In this paper, the annual maximum daily rainfall data from 1961 to 2010 are modelled for 18 stations in Taiwan. We fit the rainfall data with stationary and non-stationary generalized extreme value distributions (GEV), and estimate their future behaviour based on the best fitting model. The non-stationary model means that the parameter of location of the GEV distribution is formulated as linear and quadratic functions of time to detect temporal trends in the maximum rainfall. 
Introduction
Extreme rainfall events are a primary cause of flooding hazards worldwide. Not surprisingly, considerable attention has been paid to the modelling of extreme rainfall to help prevent flooding hazards, and for analysing water-related structures, agriculture, and monitoring climate changes.
Taiwan is a small island East-Asia. An average of 3.5 typhoons strike Taiwan each year, often in summer and autumn, and cause significant damage, especially in highly concentrated population and property areas. Taking Typhoon Morakot as an example, it struck Taiwan from 7-9 August 2009 with abundant rainfall, reaching 2,777mm, and surpassing the historical record of Typhoon Herb, which brought rainfall of 1,736mm (Ge et al., 2010; Hong et al., 2010) . The extremely heavy rainfall triggered severe flooding (the worst during the past 50 years) and enormous mudslides throughout southern Taiwan, leading to around 700 deaths and roughly NT$110 billion in property damage (Chu et al., 2011) .
IPCC Fourth Assessment Report (2007) has indicated that extreme events may become more frequent and severe because of climate change. Taiwan's 2011 Scientific Report (Hsu et al., 2001 ) indicated that in the last 40 years, intense rainfall typhoons (the top 10% of typhoons according to their rainfall) often caused severe disasters to Taiwan (e.g., Typhoons Morakot, Herb, and Nari). Chia and Lee (2008) indicated more typhoons affected Taiwan after 1990 Taiwan after than between 1961 Taiwan after -1989 increased sharply around 2000 (Tu et al., 2009) . Such an indication of increasing frequency and intensity of rainfall means that Taiwan will face a higher probability of huge damage from extreme rainfall in the future. Thus, understanding the patterns of extreme rainfall and their future behaviour is of increasingly importance in Taiwan.
Several researchers have studied useful applications of generalized extreme theory (GEV) for rainfall data from different parts of the world, including Nguyen et al. (1998 Nguyen et al. ( , 2002 for Canada; Koutsoyiannis and Baloutsos (2000) for Greece; Ferro (1993) and Parida (1999) for India; Cannarozzo et al. (1995) , Aronica et al. (2002) and Crisci et al. (2002) for Italy; Elnaqa and Abuzeid (1993) for Jordan; Zalina et al. (2002) for Malaysia; Miroslava (1991 Miroslava ( , 1992 for Belgrade; Withers and Nadarajah (2000) for New Zealand; Feng and Hu (2007) for China ; Miroslava (1991 Miroslava ( , 1992 for Yugoslavia; Nadarajah and Choi (2005) , and Park et al. (2010) , for Korea; Nadarajah highlight the urgency and to model extreme rainfall using the generalized extreme value distribution.
In Taiwan, some researchers have analyzed extreme climate by using the general circulation model (GCM) scenarios provided in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Downscaling both dynamic and statistical efforts provides information on a finer scale relative to the data produced by GCMs, such as GCM project climate parameters at a resolution of 250 km 2 ;
downscaled models provide projections at 50 km 2 . However, this method is usually costly and requires considerable computer resources, and is difficult for a researcher with a financial deficit to simulate climate variation. Although downscaling can show relationships between small-and large-scale variables to overcome the drawbacks of the GCM method, it still cannot reflect the diverse topography in Taiwan, which has a full range of climate zones.
This paper contributes to scientific research in climate change by using statistical analysis, as well as analysing extreme rainfall by using the generalized extreme value distribution.
The purpose of this paper is to use statistical methods to find the most appropriate distribution of annual maximum daily rainfall data, and estimate their future behaviour based on the best fitting model. We fit the rainfall data with stationary and non-stationary generalized extreme value distributions (GEV), and estimate their future behaviour based on the best fitting model. The non-stationary model means that the parameter of location of the GEV distribution is formulated as a linear and quadratic function of time to detect temporal trends in the maximum rainfall. We also compute the 10, 20, 50 and 100-year return levels of extreme rainfall and their 95% confidence intervals of the return levels of the stationary models. The return period is calculated based on the record-high (ranked 1 st ) extreme rainfall brought by the top 10 typhoons for each station in Taiwan.
The remainder of this paper is organized as follows. Section 2 presents the statistical description of the data. Section 3 introduces the statistical methodology.
Section 4 discusses the estimation results, and the return period record-high extreme rainfall typhoons in Taiwan. Section 5 provides some concluding comments.
Statistical Description of the Data
Annual daily maximum daily rainfall (mm) is defined as extreme rainfall, which is a well-known definition for block-maxima method (Gumbel, 1958 Figure 2 shows the box-plot of the 18 stations for the underlying data. The higher values and several outliers indicate that the data tend to have a long-tailed behaviour for rainfall data, thereby suggesting that the normal distribution does not conform well to the observations. Therefore, our interest lies in the statistical modelling of the extreme values in rainfall in order to capture the tail behaviour in the data.
Methodology
Generalized extreme values (GEV) are based on the Gumbel, Fréchet and Weibull distributions. It was developed by Jenkinson (1955) , who combined the above three distributions (see Hosking et al., 1985; Galambos, 1987) . In this paper, we fit stationary and non-stationary models for GEV for the 18 stations in Taiwan.
Stationary GEV means that the location parameter is constant and independent of time, while non-stationary GEV means that the location parameter varies over time in terms of the linear and quadratic functional forms.
The cumulative distribution function (cdf) of GEV is given as:
where μ, σ 0, μ is a location parameter, σ is a scale parameter, and ξ is a shape parameter governing the tail behaviour of the distribution. The Gumbel distribution is defined for ξ 0 in (1) as:
The sub-families defined by 0 and 0 correspond to the Fréchet family and the Weibull family, respectively. The maximum likelihood method was used to fit equations (1) and (2) to the data, and maximization was performed using a quasi-Newton iterative algorithm. We follow the same statistical methods as
Nadarajah (2005), Feng et al. (2007) , and Park et al. (2007) . Consequently, some description throughout this paper is similar to that given in the cited papers.
Assuming independence of the data, the likelihood function is the product of the assumed densities for the observations , … , . For the GEV 0 model, we have:
provided that
The estimates of  ,  and  , denoted as  , ˆa nd ˆ, respectively, are taken to be those values that maximize the likelihood function, L. The basic model fitted was GEV (to be referred to as GEV ), with constant  ,  and  . Nadarajah and Choi (2007) indicated that sometimes the Gumbel distribution leads to as good a fit as GEV, so we also fit these data with constant  and  (to be referred to as Gum ).
The Gum model is a sub-model of GEV , so that a standard way of determining the best fitting model is the likelihood ratio (LR) test.
If Li is the maximum likelihood value for model i, and Lj is the maximum likelihood value for model j, then under the null hypothesis, the LR test statistic given by  = -2 log( Lj / Li) is asymptotically distributed as a chi-square variable with v degrees for freedom, where v is the difference in the number of parameters between models i and j. Thus, at the 5% significance level, model j is statistically preferred to
. In practice, because annual maxima lack complete independence, this is likely to be interpreted conservatively (Nadarajah, 2005) .
In order to investigate the existence of a trend in extreme rainfall over time, we apply the following variations of models GEV 0 and Gum 0 :
a four-parameter model with μ allowed to vary linearly over time, and "constant" means that the parameter is not time dependent and is subject to estimation;
a three-parameter model, where μ varies over time;
GEV 2 :
a five-parameter model, where varies over time in terms of quadratic form; and When the best models for the data have been determined, the interest of this paper is to derive the return levels for rainfall. The T-year return level, say , is the level exceeded on average only once every T years (Coles, 2001) . If model GEV 0 is assumed, then by inverting 1 1/ , we can obtain the following expression for the GEV distribution:
If model Gum 0 is assumed, then the corresponding expression is given by:
By substituting the estimates ( ̂, , ) into , we can obtain the maximum likelihood estimates of the return level.
Empirical Results

Estimates
The best fitting models are shown in Table 2 , including the estimates and the corresponding standard errors (SE), which are computed by the delta method. As the estimator of b is the change in extreme rainfall from one year to the next, a positive sign for b suggests the non-stationary Gumbel distribution exhibits an increasing trend for the Kaohsiung, Hengchun, Taitung and Dawu stations. In other words, more than 22% of the stations have had a linear trend over the past 51 years.
As for the increasing degree of extreme rainfall, the Kaohsiung and Hengchun stations are greater than the Taitung and Dawu stations, suggesting that extreme rainfall in the southern part of Taiwan is greater than in the eastern part of Taiwan. In addition, the Sun Moon Lake, Hualien and Chenggong stations are suitable for GEV distribution, while the Keelung, Anbu, Zhuzihu, Tamsui, Yilan, Taipei, Hsinchu, Taichung, Alishan, and Yushan stations are fitted well using the Gumbel distribution.
The empirical results suggest that the Gumbel distribution can profile the patterns of extreme rainfall better than the GEV distribution for 18 stations, the percentage of which accounts for a rather high 78% of all stations. Table 3 summarizes the estimates of the return levels for T = 10, 20, 50 and 100
years for locations where a stationary model was selected. The estimates and the associated 95% confidence intervals of the return levels are also provided. In terms of 10-year return levels, there are six stations (Anbu, Zhuzihu, Sun Moon Lake, Alishan, Yushan, and Chenggong) that are greater than 350mm, surpassing the threshold of the extremely torrential rainfall, as defined by the CWB in Taiwan 1 . For 20-year return level, the Yilan and Hualien stations have rainfall that is greater than 350 mm. For the rainfall of the 50-year return level, the Keelung, Tamsui, Taipei, and Taichung stations are also grouped into torrential rainfall. For the rainfall of the 100-year return level, the extreme rainfall for all stations in this paper will exceed the threshold of 350mm.
The goodness of fit of these models is examined by the quantile (Q-Q plot) and density plots (P-P plot). Taking the Taichung station as an example, the diagnostic plots for Taichung Station ( Gum ) are shown in Figure 3 , which were drawn by using
Cole's R program (Coles, 2001 ). The P-P and Q-Q plots are consistent with the histograms of the data. Therefore, we can say that the Gum model can provide an adequate profile of the extreme rainfall in the Taichung station.
Return periods for record-high extreme rainfall of typhoons in Taiwan
The estimated results from return level can help to answer questions regarding the rarity of extreme rainfall of some severe typhoons. As typhoons have different impacts on each station, let us take the Morakot Typhoon as an example. It struck
Taiwan from 6-10 August, and brought the most extreme rainfall that has ever been recorded in history. One record-high 1,166 mm accumulated rainfall day occurred on 7 August was measured at Alishan station but, on the same day, the maximum accumulated rainfall from the Taichung and Tainan stations were only 2 mm and 5mm, respectively. Therefore, in this section, we rank extreme rainfall from 1 st to 10 th according to record-high rainfall brought by typhoons for the top 10 events for each station, and estimate the return period of the highest. 
Conclusion
There were two purposes to this paper. First, we analyzed the pattern of annual daily maximum rainfall based on a statistical method of generalized extreme value theory for 18 stations throughout Taiwan. In addition, the corresponding 95% confidence intervals of the return levels of the best fitting models were provided.
Second, we estimated the future behaviour of the best fitting models, such as the 10, 20, 50 and 100-year return levels, and the return periods for the record-high (ranked 1 st ) extreme rainfall brought by the top 10 typhoons for each station in Taiwan. These estimates not only help us to determine the return levels of extreme rainfall, but also to understand how often such rare events might occur in the future, given limited data, and to provide a useful reference for policy-decision makers.
It is evident that 22% of stations are suitable for the non-stationary distribution, and 78% of stations are suitable for stationary models. As for the non-stationary models, the Kaohsiung, Hengchun, Taitung 
